Cut-flower production of Rosa hybrida 'Kardinal' and 'Fire and Ice' were compared between two canopy management regimes: shoot-bending and hedgerow without shootbending, and between hydroponics and non-hydroponic (UC Mix) culture with a tensiometer-based irrigation system. We observed the number and length of all harvestable flowering shoots from September 1997 to August 1999 in order to assess productivity and quality. Shoot-bending resulted in increased stem length of individual flowering shoots in both cultivars. However, this treatment also resulted in significantly fewer harvestable flowering shoots. In 'Fire and Ice', plants grown in hydroponics produced a greater number of harvestable flowering shoots in comparison with the plants grown in UC Mix. On the other hand, 'Kardinal' plants did not exhibit any difference in the number of harvestable flowering shoots between these two treatments. Both cultivars did not show difference in stem length of flowering shoots between hydroponics and UC Mix. We calculated the value of each shoot based on a formula developed to simulate the market value of each stem. With 'Fire and Ice' the improvement in stem lengths did not offset the economic loss due to the reduction in flower number under shoot-bending. For 'Kardinal' there was no significant difference in economic value between shoot-bending and non-bending.
Introduction
Traditional cut-flower rose production involves growing plants in the ground and training the canopy vertically as a tall hedge (Langhans, 1987) . Since the hedge gets taller as the succeeding harvests are made above the origin of the flowering shoot, the height of canopy requires periodic pruning (Durkin, 1992) . In recent years rose growers have begun to replace these practices with shoot-bending where non-productive shoots (weak stem caliper, potential blinds) are bent down into the canopy or towards the aisle. The fundamental idea behind shoot-bending is that instead of removing unwanted or marginal stems by pinching or pruning, these are retained in the canopy so as to maintain foliage area and consequently produce assimilates. In traditional production, a tall hedgerow canopy assures ample foliage area to capture light. With shoot-bending, it becomes possible to maintain the low canopy height without sacrificing foliage area.
It has been reported that bending of the primary shoot promotes the formation of axillary shoots by breaking apical dominance (Cline, 1991) . Zieslin and Halevy (1978) found that in roses bending the stem caused growth of a strong shoot close to the bend and another strong shoot close to the distal end. Kool and Lenssen (1996) reported that timing of bending affects the vigor of renewal canes developing from the basal parts of the plant ("basal-shoots") and that increased light interception was achieved by bending the primary shoot during the period of basal-shoot formation. As a consequence plant growth rate was increased (Kool and Lenssen, 1996) .
In recent years growers also began growing cut-flower roses "hydroponically" in conjunction with shoot-bending practice rather than in ground. Hydroponic culture based on soil-less media provides plants with sufficient water and nutrients. The positive effects of low root media moisture tension on productivity and quality of flowers in roses have been reported (Plaut et al., 1973) . In this study, our objective was to compare the effects of hydroponics and shootbending on rose crop production as quantified by stem length and stem number. In order to evaluate the degree of feasibility, we calculated financial index values so as to identify the degree to which these methods separately, or in combination, are economically feasible.
2.
Materials and methods
Experimental design
Rosa hybrida cuttings of cultivars 'Kardinal' and 'Fire and Ice' on 'Natal Briar' rootstock, were obtained from Everbloom (Carpenteria, CA, USA). These were transplanted into the experimental plots with density of 5.2 plants / m 2 on 23 May 1997 in the glasshouse in the Department of Environmental Horticulture at the University of California, Davis, CA, USA.
Both 'Kardinal' and 'Fire and Ice' are long stem roses with moderately large flower heads. 'Kardinal' was selected because it is grown by a large number of growers, both in-ground and hydroponically. 'Fire and Ice' was primarily selected because of its popularity at the time of the experiment and high production potential. 12-L containers, filled with a layer of expanded clay pellets ("hydrocorn") and coconut coir as a substrate, were used for hydroponic culture with timed irrigation at fixed intervals (4 times per day) for 90 seconds of duration for each time. The hydroponics system was donated to the project by Systems USA (Watsonville, CA, USA). As a control in contrast with hydroponics, "UCMix", containing sand, redwood sawdust and peat moss (1:1:1, v/v) in large wooden boxes (30 x 115 x 25 cm) was used as root media to simulate the conventional non-hydroponic production system and was irrigated using automated tensiometer-based irrigation system with set-points of 1.0 and 3.0 kPa. All plants were watered with half-strength Hoagland's Solution No.2 plus micronutrients (Hoagland and Arnon, 1950) . Air temperature set-points inside the glasshouse were 24°C day and 20°C night. Environmental variables (temperature inside the canopy, photosynthetically active radiation (PAR) at the top of the canopy, root media moisture tension and CO 2 concentration inside the greenhouse) were continually monitored using data logging equipment.
A 2x2 factorial experiment was set up to compare hydroponics versus nonhydroponic production system (UC Mix), and shoot-bending versus non-bending practices, for each of the cultivars. The experimental units that consisted of 8 plants were randomized except that the plants designated to receive the non-bending treatment were located on one side (north) so as to prevent the height of these plants (hedges) from shading and obstructing the airflow for the other treatments. At the start of the experiment all plants were pinched twice to build up the canopy. The shoot-bending treatment was imposed when the shoots reached the stage of a pea-sized flower bud. These shoots were bent into the aisle by making a kink at the bottom of the shoot. Subsequent shoot-bending was practiced only to those shoots with less vigor (< 40 cm and/or blinds) as the experiment progressed. Although during the 2-year study some of these shoots were inadvertently harvested and included in the data the number of these shoots was negligible. For the non-bending treatment, all flowering shoots were counted and harvested regardless of their stem length. Flower buds of bent shoots were removed when bent.
Stem length and number of harvested flowering shoots per experimental unit were measured three times a week to assess the productivity and the quality of cut-flower roses. Flowering shoots were deemed harvestable when at least one sepal of the flower had reflexed horizontally. Stem length of flowering shoots was measured from the shoot base to the base of the flower bud prior to removal from the plant. The shoot-bending resulted in a canopy structure consisting of (1) shoots bent horizontally and downward in both aisles, as well as (2) an upright canopy consisting of harvestable shoots.
Statistical analyses were done using SAS GLM with the Tukey's method of mean comparison (Littell et al., 1991) . Due to the limited availability of the space inside the greenhouse and the concerns about the confounding effects, the number of replications for non-bending treatment was limited to 3 while that of shoot-bending treatment was 5. Due to this unbalanced design structure Type III sums of squares have been used in the analysis of variance to assess the treatment effects.
Economic value calculation
The length of the stems is the primary indicator for economic value in cut-flower rose production. Thus we developed an index to allow us to estimate the economic value of every stem that was harvested during our experiment. Wholesale market price information was obtained November 1997 and an index (V 1 ) was developed to reflect the observed pattern:
where SL is the stem length (cm). This index is intended as a method for accounting economically for stem quality in our analysis. Three other indices were also used to account for market differences for different growers. Since it may be possible that relatively weaker stems would be sold at much lower price than the predicted value using V 1 , index V 2 was the same as V 1 except that stems shorter than 40 cm were discounted 50%. We also calculated V 3 from V 1 to represent the situation where the market rewards long stems with doubling the V 1 value for stems longer than 60 cm. The index V 4 was calculated to apply both the short-stem discount as in V 2 and the long-stem bonus as in V 3 . The resulting index values for each stem were analyzed to see if there are differences among the treatments.
Results
Generally temperatures were kept within reasonable ranges averaging 17 to 20°C in the winter and 20 to 25°C in the summer. Light levels were significantly higher in the summer than winter (data not shown). During the summer of 1998 whitewash was applied to the greenhouse, while during the summer of 1999 we had whitewash only on part of the greenhouse, shading the plants after about 1 p.m. in the afternoon.
Monthly patterns of production
Once the plants were established (September 1997) stem lengths and counts varied seasonally and also by flushes set up initially with pinching. The degree to which differences were apparent among treatments also varied seasonally as well as between the first and the second year. Overall monthly pattern of production for both cultivars coincided with the changes in the environmental factors particularly with light. Early on, production counts on the plants were somewhat asynchronous among the treatments. That is, different treatments had different flushes of harvestable shoots in the early period of the experiment. Once all plants received a pinch to time production for Valentine's day 1998, the various treatments became synchronized and all showed a strong production count for Valentine's day (Feb 14, 1998) followed by a low count after that. From then on the average counts for the bent plants were either the same as the non-bent plants, or lower. In 'Kardinal' the differences in stem count were minimal (Fig 1B) , while for 'Fire and Ice' stem counts for the plants received shoot-bending were always significantly lower (Fig 2B) . During the second year, production of non-bent 'Fire and Ice' plants was almost twice that of the plants that were bent. Over the same time frame, stems in shootbending tratement were much longer. For both 'Kardinal' and 'Fire and Ice' there are significant differences in stem length (Figs 1A and 2A) between bending (open symbols) and non-bending (closed symbols) during all months except late Fall 1998 through early Winter of 1999 when the plants were experiencing significant defoliation as the result of a phytotoxic response of volatilized sulfur several weeks after a pesticide spray during November 1998. 'Fire and Ice' exhibited consistently more dramatic differences in stem length over the course of the experiment.
V SL
The patterns in production and in average stem length between the plants grown in hydroponics (Fig 1A and 2A, circles) and non-hydroponic (Fig 1A and 2A, squares) were essentially identical. While some minor differences occurred in some months, virtually all monthly averages show no significant differences between hydroponic and nonhydroponic production.
Overall production and quality
The cumulative production and stem length over the whole experimental period for the entire plot showed that the patterns described in monthly production also held true in summary over the whole time frame (Table 1) . That is, the practice of shoot-bending resulted in longer stems than canopy management without shoot-bending in both cultivars over the course of experiment. The number of harvested shoots per m 2 showed dramatic differences for 'Fire and Ice': 75 cm for bending vs. 52 cm for non bending. This was not the case for 'Kardinal': 65 cm vs. 56 cm. 'Fire and Ice' produced far fewer harvestable flowering shoots under bending than in conventional (non-bending) production. No differences were found in the number of harvested shoots in 'Kardinal' among any of the treatments. Shoot-bending resulted in increased dry matter of each part of the shoot in both cultivars.
Discussion

Productivity and shoot quality
For roses, it is known that there are significant differences in growth and production among different cultivars. We noted that in this study as well. Shoot-bending resulted in highly significant increase in stem length for both cultivars (Table 1, p < 0.0001). We interpret this increase in stem length, as an improvement in shoot quality since the stem length is the most important aspect of the grade of a rose shoot. For 'Kardinal' plants, a significant decrease in shoot count was found at ∀= 0.05 (Table 1) . Tukey's method of mean comparison did not reveal this difference. This is because this method is more conservative.
In 'Kardinal', no statistical differences in number of flowering shoots per m 2 (p=0.86) and average stem length (p=0.93) between hydroponics and UC Mix were observed. 'Fire and Ice' plants grown in hydroponics produced more flowering shoots per m 2 than ones grown in UC Mix (p=0.034). On the other hand, stem length did not show any difference between hydroponics and UC Mix (p=0.45). As we see in the comparisons between cultures, hydroponic culture is generally no more effective, but this may depend on the selected variety. No benefits of using hydroponics were found in 'Kardinal', while an increase in flower production was observed in 'Fire and Ice'. Yet, the statistical significance is fairly marginal (p=0.034) suggesting that caution should be taken when making conclusions based on these results. This means that while hydroponics is clearly a useful production technique, one can do equally well with raised beds of highly amended medium under tensiometer-based irrigation control for many cultivars. Although it 
Economic value estimation
We attempted to estimate economic return so as to identify whether the reduced production due to shoot-bending is compensated for by improved quality as characterized by longer stems. We also were interested in comparing the economic returns under various market condition. For this reason we calculated four different value indices, each representing a separate approach to how the market rewards rose shoots of various of quality. It should be noted that we have no other economic information (e.g. differences in input costs between the different systems), thus our results assume that these are the same regardless of bending method or hydroponics. Reduced productivity in 'Kardinal' was compensated for by the improvements in shoot quality by a 9-cm increase in stem length so that the estimated V 1 did not differ among any treatments.
'Kardinal' displayed relatively moderate effects of shoot-bending in comparison with dramatic changes of 'Fire and Ice'. For 'Kardinal' no differences were found for V 1 through V 3 among treatments (Table 1) . Only when applying both discounts of shortstems and rewards for long-stems does shoot-bending become a significant improvement (p=0.0499) at ∀=5%.
In the two varieties the economic returns were different for 'Fire and Ice' because of its rather dramatic responses to shoot-bending in both production counts and stem length. Contrary to what growers expect, in 'Fire and Ice', the longer average stem length achieved with bending did not compensate for reduced productivity (using V 1 , p < 0.0001). V 2 shows that the relation stays the same even with discounts for short-stem although the difference diminished slightly. A drastic change was found between V 2 and V 3 in terms of the magnitude of increment as well as the relationship among treatments. When market rewards longer stems by doubling values of such stems over that predicted by V 1 , the difference due to shoot-bending disappeared (p=0.51). When the reward for long-stems comes with discounts of short stems as represented by V 4 , 'Fire and Ice' plants treated by shoot-bending are better rewarded than ones without shoot-bending. As we see in the economic analysis for 'Fire and Ice', if a cultivar responds to shoot-bending in very dramatic ways then it might be much more sensitive to market trends than others.
It should be noted that it is very unlikely that V 1 , V 2 , V 3 and V 4 are the representation of actual value. These indices are used here to reflect the marginal increases in value with changing stem length and to reflect a general "normal" pattern as well as some extremes. It is much more likely that the actual situation encountered by growers will be somewhat less extreme. Thus we are limited in drawing conclusions, but we can say with some degree of certainty that shoot-bending practice in conjunction with hydroponics can be very effective production strategy when the market is rewarding long stemmed roses with much higher value than the short ones. Besides, maintaining the low canopy height by shoot-bending could be much less labor demanding for growers to manage the crop canopy. 
